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a b s t r a c t
3D simulation of velocity and concentration profiles was carried out for a packed bed of
porous adsorbents under non-isothermal conditions using lattice Boltzmannmethods. The
model developed in this study incorporates microlevel mass transport within the pores
of the solid adsorbent particles and macrolevel transport in the bed voids between the
particles. In addition, temperature profiles within the packed bed are calculated taking
into account temporal rise in the temperature due to the exothermic heat of adsorption.
Inherent multi-scaling capability of lattice Boltzmann technique permits simultaneous
ascertaining of the magnitude of concentration profiles within the spherical particles due
to the Knudsen diffusivity and that in the bulk gas phase due to combined convective
and molecular diffusivity effects. The results in this study have significance, since most
of the traditional numerical methods are based on 1D or 2D approximations, including
averaging of intra-particle concentration gradients by linear driving force approximations
or assuming parabolic concentration profiles within the particles. The model predicted
breakthrough curves in this study are validated with the experimental data obtained by
tomography technique for porous zeolite particles packed in a tubular adsorber.
© 2009 Elsevier Ltd. All rights reserved.
1. Introduction
Adsorption finds application in many chemical engineering related unit operations. The physical understanding of
concentration and temperature profiles prevalent in the adsorption bed requires comprehensive theoretical calculations
involving simultaneous solution to momentum, mass, and thermal energy conservation balance equations [1]. Numerical
complexity arises for a narrow tubular adsorber in which case concentration and temperature profiles across both axial as
well as radial directions are significant. The latter profiles may develop due to the exothermic heat of adsorption. A realistic
design of an adsorber must include the effects of 3D velocity and concentration profiles on the predicted breakthrough and
adsorption times. With the aid of lattice Boltzmannmethods (LBM), the fundamental conservation equations may be solved
simultaneously without using any empirical correlations for various transport parameters such as dispersion coefficient
and thermal conductivity, as usually done in the traditional 1D and 2D quasi-homogeneous transport models [2,3]. Fig. 1a
is the schematic of the tubular adsorber packed with spherical adsorbent particles of low dt/dp ratios (<10) having ordered
packing arrangement. Triangular and body-cubic-centered (BCC) packing are the common examples. Fig. 1b–f describe the
cross-sections of various packing arrangements considered in this study for the numerical simulation. Calculations were
also performed for varying voids between the particles for the same packing arrangements, for example triangular packing
arrangements shown in Fig. 1b–c, having small and large voids at the center of the tube. In the arrangements corresponding
to Fig. 1b–c, one sphere (shown as dotted line) is placed at the center of the cross-section between two planes containing
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Fig. 1. (a) Schematic of tubular packed adsorber, (b–f) Schematic of different packing arrangements (dotted circle represents single sphere placed
alternately in the axial direction).
3 spheres. Similar scheme was considered for BCC type of packing (Fig. 1f). During typical adsorption and desorption of a
solute, the concentration and temperature profiles vary with time and have 3D spatial dependence within adsorption beds.
For porous adsorbent materials concentration gradients exist within the pores of the materials as well, the extent of which
is determined by the pore or Knudsen diffusivity.
2. Macroscopic conservation equations
The 3D macroscopic advective equation to be solved for the gas phase concentration Cg in the macrovoids of the packed
bed is as follows:
∂tCg + ∂iCgui = D∇2Cg i = x, r, θ (1)
where, ui is the velocity of the gas in i-direction and D is the dispersion coefficient. Eq. (1) allows for the concentration
distribution of solutes along axial, radial, and circumferential directions within the adsorber due to the combined effects of
convection and dispersion. At locations where there are adsorbent particles, concentration profiles are additionally affected
due to adsorption/desorption of the solute within the pores of the particles. Eq. (1) is accordingly modified to incorporate
the additional flux term at the surfaces or pore-mouths of the particles:
∂tCg + ∂iCgui = D∇2Cg + (1− ε)
ε
Dpore∇Cp|r=Rp × ap (2)
where, Cp is the gas concentration in the pore volume, Rp is the radius of the particle, ap is the external surface area to
volume ratio, and  is the bed porosity. Eq. (2) incorporates the effects of macrotransport and microtransport via inter-
particle diffusion/dispersion coefficient, D and intra-particle or pore diffusivity, Dpore. Microlevel transport within the pores
of the particle combined with the adsorption/desorption of the solutes on the pore walls is mathematically described as
∂tCp = Dpore∇2Cp − a∂tCs. (3)
In Eq. (3), a is the specific internal surface area of the adsorbent material, whereas Cs is the surface concentration of the
adsorbed species. With the assumption that equilibrium is instantaneously established on the adsorbing surfaces, quasi-
equilibrium approximation is made allowing for the rate of change in the surface concentrations of the adsorbed species to
be equated to that in the gas phase:
∂tCs = ∂tCp(dCs/dCp). (4)
It also follows implicitly that rapid equilibrium is attained between the gas phase and the surface. Such an assumption is
valid for low concentration levels of the solute in the bulk gas phase. The last term in the parenthesis is the slope of the
adsorption isotherm,m. In light of the aforementioned approximation, Eq. (3) is simplified as follows:
∂tCp = Dpore∇
2Cp
1+ am . (5)
Eq. (5) permits variation in the slope of the adsorption isotherm as a function of the gaseous phase solute concentration.
Eqs. (2) and (5) describe 3D concentration distribution in the macrovoids (between the particles) and micro (pore) voids of
the adsorption bed due to the combined effects of convection, diffusion, and surface adsorption/desorption in the packed
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tube of circular cross-section. In the case of the non-porousmaterials or highly pore-diffusion controlled (porous) materials,
Eqs. (3)–(5) become redundant as the flux term arising due to adsorption and desorption at the outer (external) surface of
the particles is directly introduced into the bulk gas phase transport equation as follows:
ε∂tCg + ∂iCgui = D∇2Cg − apm∂tCg . (6)
The re-arranged advective equation to be solved for Cg is as follows:
∂tCg + ∂iCgu′i = D′∇2Cg (7)
where, the velocity and the diffusion coefficients have been modified by the factor, (ε + apm). It is important to note that
if Eq. (1) or (7) is to be solved simultaneously along with the Navier–Stokes equation, D becomes spatial invariable and is
essentially the same as diffusion coefficient.
The analogous form of thermal energy balance is obtained in the similar fashion as follows:
∂tT + ∂iTui = α∇2T − a1H∂tCS (8)
where, α is the thermal diffusivity of the gas and 1H is the exothermic heat of adsorption. The set of Eqs. (2), (5) and (8)
are solved in conjunction with the Navier–Stokes equation for incompressible fluid to obtain complete solution for velocity,
concentration and temperature fields in the tubular adsorber.
A literature survey shows that approximations have been made to seek simplified solutions for the concentration and
temperature fields by averaging the concentration and temperature profiles within porous particles. For example, the linear
driving force (LDF) approximation is used to determine the uptake rate of the solute by the porous adsorbent particles,
thereby including the flux term due to adsorption/desorption directly in Eq. (2) and obviating the need for solving the intra-
transport quantities from Eq. (5):
− D∇Cg |Rp =
15Deff
R2p
(q− q?). (9)
In Eq. (9), q is the average surface concentration and q? is the concentration of the adsorbed phase in equilibrium with the
gas phase bulk concentration, Cg and is calculated from an appropriate isotherm. The first term on the right-hand side of
Eq. (9) is better known as the LDF constant and includes pore diffusivity,Deff due to the Knudsen effects. As a consequence of
the aforesaid approximation, the macroscopic equation for the gas phase in contact with the particles is modified to include
the source term:
ε∂tCg + ∂iCgui = D∇2Cg − 15DeffR2p
ap(q− q?)(1− ε). (10)
However, it may be noted that such an approximation is valid only for a tube of large diameter to particle size ratio. Applying
similar approach (i.e. LDF approximation) in the present scenario (narrow tube diameter) is shown to yield considerable
deviation in the predicted breakthrough times from those using the comprehensive approach based on the lattice Boltzmann
modelling.
3. Mesoscopic lattice Boltzmann modelling
The development of 3D LBM follows essentially from determining the particle distribution functions, f and g , for
the sum (ρ) and difference (1ρ) of the densities of the carrier gas and the solute from the basic Boltzmann transport
equation for streaming and collision. The collision function of the equation is evaluated using the well-known lattice
Bhatnagar–Gross–Krook approximation:
fi(Er + Eei, t + 1)− fi(Er, t) = −1
τm
(fi − f 0i ) (11)
gi(Er + Eei, t + 1)− gi(Er, t) = −1
τd
(gi − g0i ) (12)
where, τm and τd are the relaxation times to reach local equilibria f 0i and g
0
i , respectively. The relaxation factor τm is shown
to be related to kinematic viscosity ν via particle speed e, as: ν = e2 ( 2τm−16 )1t . Thus, the macroscopic conservation
equation for momentum balance (Navier–Stokes equation for incompressible fluid) is recovered from Eq. (11) and the
convection–diffusion equation for binary fluid (species balance) is recovered from Eq. (12). In the recovery of conservation
equations the detailed mathematical computational steps involved, including use of Chapman–Enskogs procedure, may be
obtained from elsewhere [4]. The equilibrium distribution functions, f 0i and g
0
i corresponding to ρ and 1ρ for a binary
miscible fluid on a d3q19 cubic lattice may be shown to be mathematically obtained as per the diffusion model proposed by
Swift et al. [5], which describes the particles interactions based on free energy function:
f 0i (Eu) = A0 + D0Eu.Eu, i = 0
= f 01i(0)[A+ BEei.Eu+ C(Eei.Eu)2 + D(Eu.Eu)], i = 1 . . . 9
= f 02i(0)[A+ BEei.Eu+ C(Eei.Eu)2 + D(Eu.Eu)], i = 10 . . . 18 (13)
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where, f 01i(0) and f
0
2i(0) are the equilibrium distribution functions for the links, i = 1 − 9 and i = 10 − 18, respectively,
corresponding to the zeromacroscopic velocity. The two coefficients assume different numerical values. The analogous form
of the thermal LB is obtained as per the passive scalar approach adopted in the study of Yoshino and Inamuro [6]:
hi(Er + Eei, t + 1)− hi(Er, t) = −1
τh
(hi − h0i ). (14)
The equation contains analogous distribution functions, with thermal relaxation constant related to thermal diffusivity in
the similar fashion as momentum diffusivity is related to τd. In the simulation of temperature profiles in the packed bed,
buoyancy effects are assumed to be insignificant considering narrow spaces or voids available between the particles for
the thermal currents to set in, unlike in an empty channel where such effects may be significant. To consider temperature
variation due to the exothermic heat of adsorption, Eq. (14) is modified to include the thermal source term:
hi(Er + Eei, t + 1)− hi(Er, t) = −1
τh
(hi − h0i )+ g(r)1t (14′)
where, the rate of heat generated is calculated in terms of the rate of change in the gas phase concentration, surface
adsorption area and the slope of the isotherm, in consistency with the macroscopic equations (4) and (8), as follows:
g(r) = (am1H)∂tCp.
A brief algorithm for LBM calculation is as follows. Flow field is solved from Eq. (11). The calculated velocity is superimposed
on the concentration field assuming that the flow is not affected by the concentration. Thus, the solute concentration is
obtained from the sum and difference of the density of the solute and the carrier gas, i.e. from Eqs. (11) and (12). At each
time step of computation in Eq. (12), the rate of change in the solute concentration is determined for the entire flow field
to calculate the rate of (exothermic) heat released due to adsorption (refer Eq. (5)). Eq. (14′) is then solved for temperature
field incorporating the heat released.
Prior to applying boundary conditions at the tubes walls, the rectangular cross-section of the channel was mapped with
a circular boundary by the grids generated along the vertical and horizontal directions. The grids closest from outside
(either horizontally or vertically) to the circumference of the circular cross-section were assigned the boundary points.
The 3D LBM boundary conditions were implemented using the second-order accurate modified bounce-back rule proposed
by Maier et al. [7]. To solve the unknown distribution functions at the boundaries with no-slip conditions, conservation
equations were used for mass (particle density), and momentum in x-, y-, and z-directions. In addition, an approach was
adopted which essentially modifies the original standard bounce-back rule of LBM by redistributing the provisional mass as
fi → fj−(Aeix+Beiy+Ceiz). The details of the implementation of the boundary conditions are described in another study [8].
To apply lattice boundary conditions on the surfaces of the packed spherical particles, an approach originally proposed by
Filippova and Hanel [9] for curvilinear surfaces was adopted. Introducing the concept of ‘‘rigid nodes’’ within the particle
and ‘‘fluid nodes’’ in the flow field, the method defines the distribution function for the fluid nodes located adjacent to the
solid boundary lying between the nodes of the uniform rectangular lattice:
fi(Erf , t + 1) = [(1− w)fi(Erf , t)+ wf 0i (Erf , t)](1− wI)+ wI [a1f 0i (Erb, t)+ a2f 0i (Erf , t)] (15)
where, Erf and Erb are the locations of the adjacent fluid and rigid nodes, respectively (Fig. 2). ω is same as 1/τm, whereas wI ,
a1, and a2 are calculated as follows:
wI = w(21− 1), a1 = 1, a2 = 0, if 1 ≤ 0.5
= w(21− 1)
1− w , a1 = 0, a2 = 1, if 1 > 0.5 (16)
where, 1 is the Cartesian component of the fraction of the distance between fluid node at Erf and rigid node at Erb. The
equilibrium distribution function, f 0i (Erb, t) is evaluated in the similar way as f 0i (Erf , t), except corresponding to the velocityEua(Erb, t), which is evaluated as,
Euα(Erb, t) = (1− 1)
1
Euα(Erf , t). (17)
For the square geometry aligned with the horizontal and vertical grids, wI = 0, in which case Eq. (15) is reduced to the
same form as used for a rectangular grids. The above procedure is applied identically for the density-difference distribution
function g . It is pointed out that solid adsorbent porous particles (zeolites in the present case) containmicro andmesopores,
with small intra-particle porosity. Under normal conditions (at or around atmospheric pressure), there is usually no or
insignificant no flow within the particles. In the present calculation, it is assumed that zero velocity exists on the surface
of the particles. Therefore, the velocity Euα(Erb, t) in Eq. (17) is used only for the computational purpose to map the circular
cross-section of the sphere on the rectangular grids as per the scheme proposed by Filippova and Hanel [9].
The thermal boundary condition is applied assuming either the adiabatic condition (thermally insulated adsorber),
i.e., zero thermal (conductive) flux at the tubes walls or fixed wall temperature. In the case of adiabatic condition, the wall
temperature was set by the inlet gas temperature and the magnitude of the exothermic heat of reaction. Unknown wall
temperature is expressed in terms of the temperature values at the neighbouring grids by discretizing wall temperature
gradients by finite difference method.
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Fig. 2. Boundary-fitting concept for curvilinear boundaries [9] applied at spherical adsorbents of diameter, dp .
4. Model simulation results
4.1. Hydrodynamics
Prior to solving flow and concentration profiles, together with temperature profiles, in the adsorber, few benchmark
calculations were carried out to validate the model. With regard to hydrodynamics, well-known Poiseuille and Couette
flows were simulated and compared to the analytical solutions. LBM simulations were also done to predict drag coefficients
for the flow past a square or circular cylinder placed in a rectangular channel under varying aspect ratios and Reynolds
numbers. Fig. 3a describes the representative results of the model simulation for this scenario. Distinct difference in the
velocity profiles behind the cylinders for two casesmaybe observed. For all conditions of aspect ratios andReynolds numbers
considered in this study, the model predicted results were found to be in close agreement (difference of less than 5%) with
those reported in the literature [10]. These calculations also formed the basis for determining the optimum grid sizes for
mapping the circular cross-section of the spheres onto the rectangular grids. In the present simulation 13 grids per particle
were found to be adequate to achieve reasonable numerical accuracy.
In our previous study [8] we have extensively described and discussed the impact of packing arrangements and voids
between the particles on the extent of non-uniformity in the velocity profiles in the packed bed. In essence the simulation
results revealed that significant regions existed in the bed, especially in the interstitial voids between the particles, where
there were nearly stagnant regions or regions of relatively much smaller velocity. The results also showed that the non-
uniformity existed along the radial direction of the tube, with the velocity near the wall being much larger than that at
the center of the tube. Such non-uniformity in the velocity profile is typical of the flow conditions in the packed beds due
to maldistribution in the macrovoids. The effects of radially varying voids on the velocity profiles obtained due to the LBM
simulationwere also validated by comparing the simulation results to the literature data [11,12]. In these studies, the authors
have experimentally obtained velocity profiles across the cross-section of the tube and developed correlations for radial
velocity profiles as a function of particle size and bed porosity. Fig. 3b is the representative result of the non-uniformity in
the velocity profile in the bed voids of a narrow tubular adsorber. As shown in the figure, the flow is non-uniform across the
tubes’ section, with the magnitude of the velocity larger near the wall than towards the center of the tube.
With regard to the model validation for concentration and temperature fields, comparisons were also made, wherever
possible, with the analytical solutions reported in the literature to the well-known simple heat and mass transfer related
problems, for example, Taylor–Aris dispersion in an empty tube for the case of mass transfer and Nusslet and Nusselt–Gratz
problems (constant wall temperature and constant heat flux) for the case of heat transfer. For brevity these results are not
presented here.
4.2. Concentration profiles (Macrovoids)
In the previous section we have discussed the non-uniformity observed in the velocity profiles due to voids and packing
arrangements. The non-uniformity in the flow regions was found to affect concentration distributions in the packed bed.
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Fig. 3a. LBM simulation of flow past a square and a circular cylinder under identical flow conditions (Re = 8). In plots drawn on right-hand sides. Velocity
vectors were drawn on uniform scales to compare the extent of circulation downstream of two cylinders.
Fig. 3b. Velocity vectors shown for X–Y planes located at r = Rp (top) and r = 0 (bottom) in the BCC packed tube.
We first discuss the representative results obtained for concentration distribution inmacrovoids. Fig. 4 describes themodel-
simulated results for transient concentration profiles across the tubes’ cross-section at a distance of L/10 + 2rp (the first
vertical r − θ plane intersecting the centers of the triangular arrangement) in a tubular reactor (L = 0.16 m, dt = 0.04 m)
packed with 3 particles (dt/dp = 3) placed on the horizontal cross-section of the tube, with one particle placed alternately
between two such planes. The 3D simulation was carried out on 164 × 41 × 41 grids. The value of m for moisture vs.
zeolites was used as 4.64 × 10−5 mol of moisture/m2 of BET area of zeolites per mol/m3 of the gas (N2) phase moisture
concentration. The combined term, am in Eq. (5) was calculated to be ∼5200 in the physical dimensions, whereas the bed
porosity ε was set at 0.45. To begin with (t = 0) the adsorber is free of adsorbate. An inert pure gas flows through the bed
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Fig. 4. Transient concentration profiles across cross-section of tubular bed packed with porous adsorbent at x = L/10+ 2∗rp .
at a constant flowrate and temperature. The two ends of the tube are subsequently exposed to two concentration levels,
0.3 (upstream) and 0.003 (downstream). Here, it may be pointed out that since the lattice Boltzmann model technique has
inherently time-dependent characteristic, prediction of the adsorption breakthrough curves for each location within the
packed bed, including radial and circumferential directions of the tube cross-section is the natural outcome of the model
simulations. As observed from the figure, the solutes’ concentrations gradually increase on the plane and after 16 000 of
lattice units (l.u.) reach the concentration level at the inlet to the adsorber. In the present case the steady-state condition
was achieved in approximately 20 000 l.u. The salient observation that can bemade from the above plots is the non-uniform
concentration along the radial direction of the tubes cross-section during initial transient periods. The solute’s concentration
at the center of the cross-section is found to be smaller than that in the voids between the particles near the walls of the
tube. At 4000 l.u., difference between two concentration levels (at the center and near the periphery) may be observed to
be one order of magnitude. The difference is attributed due to the non-uniformity in the velocity profiles across the tubes’
cross-section, with the velocity near the wall of the tube being larger than at the center, a result which has been found to
be consistent with the experimental measurements of local flow fields in a tube of relatively smaller dt/dp ratio (<10) and
discussed in the preceding section. As radial dispersion of the solute gradually becomes significant the radial concentration
gradient eventually vanishes. Under steady-state condition there is no gradient observed from the center to the walls of the
tube (see the plot for t = 16 000 l.u.).
Fig. 5 describes the concentration profiles across different cross-sections of the tube (r − θ planes) at t = 6000 l.u. for
various locations along x-direction. As evident from the plots, there is axial concentration gradient due to difference between
the inlet and outlet solute concentrations, 0.3 and 0.003, respectively. In addition, there are twomajor observations that can
be made from the plots with regard to concentration distribution towards the outlet section of the tube: (1) at location
x = L/10+ 2rp (bottom left) concentration near the periphery is larger than that at the center. This effect is similar to that
observed in Fig. 4 and explained by the non-uniform radial velocity distribution (larger near the wall than at the center)
existing in a tube of small dt/dp ratio, (2) at location x = L/10+ 3rp (bottom right) where there is only one sphere placed at
the center of the tube, there is circumferential concentration gradient observed. The solute concentration varies fromhigh to
low alternately in the θ-direction. Themodel simulation results for the velocity fields showed that therewas nearly stagnant
flow or relatively much smaller velocity in the regions or voids between two spheres of the 3-sphere triangular voids. As a
consequence solute concentrations in the downstream plane containing one sphere remained relatively higher. The model
parametric studies carried out for other scenarios of packing arrangement confirmed the existence of certain regions of
flow fields having significant circulatory flow or circumferential velocity resulting in lesser dispersion of the solute from
that region. In such cases concentrations were relatively larger.
The simulation carried out for varying operating conditions showed that in addition to dt/dp ratios the type of isotherm
also influenced the concentration profiles within the adsorption bed. A favourable adsorption resulted in relatively more
uniform concentration distribution within the bed. The effect of enhanced adsorption due to favourable isotherm results in
large uptake by the adsorbent. One of the important variables that affect concentration maldistribution in the macrovoids
of the packed bed is the dispersion coefficient. It was observed that significant asymmetric concentration profiles existed
between the center and the wall of the tube at relatively smaller value for diffusion and dispersion coefficients. On the
other hand, corresponding to the case of large assumed value there was nearly uniform concentration profiles prevailing
on the planes. The results have significance from the point of view of using appropriate literature correlation for estimating
dispersion coefficient in the prediction of breakthrough curves by the quasi-homogeneous models.
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Fig. 5. Concentration profiles within macrovoids of an adsorber corresponding to packing arrangement of Fig. 1(c) at t = 6000 l.u. for various y–z planes.
4.3. Concentration profiles (Microvoids)
From the foregoing discussion it is evident that hydrodynamic conditions in the packed bed are major causes of
asymmetric concentration profiles in the macrovoids. The uneven concentration profiles in the macrovoids also affect
solute distribution within microvoids. In general, diffusion flux from the bulk gas phase into the adsorbent particles varies
in the circumferential direction caused by the uneven concentration distributions of the solute in the inter-particle or
macrovoids during unsteady-state adsorption and desorption. The model simulation in this work showed that such un-
symmetricity in the intra-particle concentration is pronounced at relatively larger pore diffusivity and insignificant at small
pore diffusivity. Fig. 6 describes the simulation results forDm/Dpore = 80. The results are shown for the packing arrangement
corresponding to Fig. 1f for the BCC type of packing (4 particles placed on the horizontal cross-section of the tube, with one
particle placed alternately between two such planes). As observed, the intra-particle concentration profiles are nearly θ-
symmetric, although the concentration profiles in the macrovoids was observed to be non-uniform. This was in contrary to
the observations made in the simulation results for the case of large pore diffusivity. This is due to the fact that due to small
pore diffusivity, solute will be penetrating into the pores of the particles at a small rate. Such cases may be considered to be
pore-diffusion controlled. In fact calculations carried out forDm/Dpore = 80 and larger, showed that the particleswere almost
devoid of any solute even after (quasi-) steady-state and the concentration profiles in the bulk gas phasewere approximately
the same as those obtained for the case of adsorption by non-porous particles,which is consistentwith the physical situation.
Further, since the rate of solute uptake by adsorbents is quite small at small pore diffusivity, the diffusion flux across
the circumference of the spherical particle is nearly the same, despite the uneven concentration distribution around the
particles. In other words, maldistribution of solutes in themacrovoids does not influence the distributionwithin the particle
due to small rate of diffusion, contrary to that observed in the other case (Dm/Dpore < 10), where the non-uniformity of
concentration inmacrovoids is instantaneously felt in themicrovoids due to large rate of intra-particle diffusion. The effects
were skewed concentration contours within the particles.
4.4. Temperature and concentration breakthrough curves
Most of the adsorption processes are typically exothermic, increase in the temperature dependent upon the heat of
reaction and gas flowrate. Under the present experimental conditions, the adsorption/desorption of moisture on zeolites
was found to be slightly exothermic, accompaniedwith a temporal rise of 5–20 ◦C above the inlet gas temperature observed
during the experiment. Fig. 7 describes the temperature and concentration breakthrough curves obtained due to the LB
simulation of concentration and temperature fields in the tubular adsorber under constant wall temperature condition. The
wall temperature was assumed to be the same as the gas inlet temperature. The results correspond to the empty section,
adjacent to the packed section of the adsorber, where the velocity profiles settle to the parabolic shape. As explained earlier
in the section on the numerical scheme, LB method permits variation of τd different from τh. As a consequence, one can
set Prandtle number independent from the Schmidt number by varying the two relaxation constants independently. In the
present simulation both Prandtle and Schmidt numberswere set at 0.7, typical values for the gases. As observed in the figure,
while the concentration in the bed asymptotically increases following breakthrough (or saturation of the adsorbent particles
with the solute uptake), the temperature in the bed increases to the maximum value before decreasing to the same level as
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Fig. 6. Unsteady-state concentration contours across the Y–Z plane (D/Dpore = 80).
the gas inlet temperature. Further model parametric studies carried out in this study showed that the temperature increase
in the bed was primarily dependent upon the magnitude of the exothermic heat of reaction and gas flowrate. As shown in
the figure, larger the exothermic heat greater is the peak in the temperature. The gas flowrate had primarily dilution effects.
Larger the flowrate, lesser was the increase in the temperature.
Re-refer concentration breakthrough curves shown in Fig. 7. If all adsorbent particles are completely saturated with the
solute, breakthrough curves corresponding to all locations in the tube will asymptotically approach 1.0. Such a scenario is
common in the adsorber containing small particles with small adsorption capacity (internal BET area). Under the condition
chosen for the simulation, the adsorbent particles were of relatively larger size (dt/dp = 3), the corresponding total BET
area also being large. During adsorption, the solute species diffuse into the particles at a rate proportional to the square of
the particle size. Thus, the total adsorption time for all adsorbent particles to be saturated with the solute concentration
is significantly large, and for all practical purposes the big size adsorbent particles may be considered to have infinite
adsorption capacity under the present time of calculation chosen in the simulation. However, since the velocity in the empty
section of the adsorber just downstream of the packed section is smaller near the wall than at the center, the corresponding
breakthrough response for the location near the wall is relatively faster and the curve reaches 1.0.
Similar to the concentration contours obtained due to LB simulation, the temperature contours in the packed bed,
especially around the particles and between the voids confirmed the existence of the non-uniformity in the temperature
fields attributed due to the similar effects in the velocity fields. Fig. 8 depicts the representative results for the temperature
contours across the packed section in the tube. As observed, there is non-uniformity in the temperature profiles in the
circumferential (θ ) direction. Similarly, the temperature at the center of the tube is nearly 1.5 times larger than that near
the wall (gas inlet temperature), indicating the existence of hot spots in the tube.
5. Experimental details
The simulation results were validated with the experimental breakthrough data obtained from an independent
study, wherein the authors used near-infrared optical tomography technique to measure moisture concentration due to
adsorption/desorption in a column packed with zeolites [13,14]. In the model simulation the configuration shown in Fig. 1e
was chosen, which corresponded closest to the experimental packing arrangement. The concentration data were collected
across the tubes’ cross-section (at the center of the tube and near the tubes walls) in the empty part of the tube at the
end of the packed section. The details of the tomography technique employed in the study, including the experimental
set-up, are described in the aforesaid study. In the study, the authors used spherical zeolite particles to experimentally
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Fig. 7. Temperature (top) and concentration (bottom) breakthrough curves in a packed bed adsorber (L = 0.16 m, dt = 0.04 m, Pr = 0.7, Sc = 0.7).
Fig. 8. Temperature profiles across vertical planes at x = L/10 (left) and x = L/10+ Rp (right) in the packed bed (t = 20 000 l.u.).
investigate the influence of the wall effects on the concentration profiles in a tubular packed adsorber. A tubular adsorber
(L × dt = 200 mm × 50 mm) packed randomly with the spherical zeolite particles (dt/dp ∼ 4.5) was challenged with
the calibrated moisture in nitrogen at the inlet of the bed. The breakthrough data were obtained for various radial locations,
includingnear thewall and at the core of the tube. Fig. 9 presents the concentration breakthroughdata collectednear thewall
for different gas flowrates. There was reasonable agreement found between the model predictions and the data within the
numerical and experimental errors. In the simulation,Dpore andDwere set at 25×10−7 and 2.5×10−5m2/s, respectively. The
model simulation results corroborated the experimental finding that in a packed adsorber the concentration breakthrough
curves near the wall were greater than those at the center of the tube due to the larger velocity near the wall than at
the center. Fig. 10 compares the experimentally obtained temperature breakthrough curves at the center of the adsorber
to the LBM predicted curves under identical conditions. The agreement between the two results may be considered to be
reasonablewithin the experimental andnumerical errors. As also observed, there is temporal increase in the gas temperature
before the temperature gradually decreases to the inlet condition.
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Fig. 9. Comparison between model predictions and experimental data for adsorption breakthrough near the wall in a tubular adsorber (L =
200 mm,D/dp = 4.5, T = 50 ◦C).
Fig. 10. Comparison between experimental data and thermal LBM prediction in a tubular adsorber (L = 200 mm, ID = 40 mm, V = 0.04 m/s).
6. Conclusions
Full 3D LBM simulation was carried out for investigating concentration profiles in macro and microvoids of the packed
bed adsorber under non-isothermal condition. Various scenarios of ordered packing arrangements of adsorbent particles
were considered. The results showed that depending upon the packing arrangements, non-uniform concentration and
temperature gradients may exist within the adsorber, both in radial and circumferential directions. The non-uniformity is
caused due to variation in voids within the column, especially near the tubes’ wall. The results also show the significant
regions of nearly stagnant flow fields in the voids between the particles, and asymmetric velocity profiles across the
tubes’ cross-section. On the similar note, breakthrough concentrations and temperature were found to be larger around
the periphery than at the center of the tube. The LBM results have significance from the perspective of the physical
understanding of the concentration and temperature profiles prevalent in the adsorption bed as well as effective design
of a large-scale column having large particle to column size.
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